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H I G H L I G H T S
• The metallurgical state of magnesium substrate affects the Plasma Electrolytic Oxidation process.
• Intermetallic precipitates promote cathodic discharges that are detrimental to the PEO coatings.
• Solid solution substrate generates denser, thicker, and harder PEO coatings.
• A phenomenological mechanism explains cathodic discharges in the presence of precipitates.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Magnesium alloys are lightweight materials with a density~75% lower than that of steel and~35% lower than that of aluminium alloys. Thus, they have great potential in structural applications including aerospace and automotive to meet demands for lower fuel consumption and lower greenhouse gas emission. The existing commercial Mg alloys for automotive applications are mainly AZ91D (Mg-9Al-0.7Zn), AM50A (Mg-5Al-0.4Mn) and AM60B (Mg-6Al-0.4Mn) because they present a good combination of mechanical properties, corrosion resistance and castability [1] . However, they lose strength and corrosion resistance at high temperature (above 120°C) and become not suitable in structural applications as engine components for example. For this reason, many studies are dedicated to improve both mechanical properties and corrosion resistance of Mg alloys at high temperature, especially by improving the thermal stability of their microstructural constituents. Mechanical properties can be significantly improved by the addition of reinforcement particles into the magnesium matrix such as nitrides (BN, AlN, TiN), carbides (SiC, WC, B 4 C), oxides (ZrO 2 , Al 2 O 3 ) or borides (TiB 2 , WB, ZrB 2 ) [2] . Addition of rare earth elements (such as Gd, Nd, Ce, Pr or Er) combined with transition elements (such as Y or Zr) is also a viable solution to tackle this issue [3, 4] . Superior high temperature strength and better creep resistance are achieved when Mg-Gd-Y based alloys experience a solution heat treatment (T4) followed by an age hardening treatment (T6); the precipitation sequence with time involving super-saturated solid solution (s.s.s.s.) → metastable β "(DO 19 ) precipitates → metastable β' (cbco) precipitates → stable β (fcc) precipitates [5] [6] [7] [8] . For the specific Mg-10Gd-3Y alloy considered in the present study, it was established that the peak hardness is obtained with a peak age treatment of about 15 h at 250°C providing the highest amount of nanometre metastable β' precipitates having a convex lens shape of about 100 nm in length and 10 nm in width [9] [10] [11] [12] . It was also established that micrometric cuboidal Mg 5 (GdY) and spheroidal Mg 24 Y 5 precipitates can be present but contribute much less to hardening. As grain size can contribute significantly to hardening in Mg alloys [13] , the mechanical properties were further improved by low temperature extrusion to refine grain size prior to the hardening heat treatment in the Mg-10Gd-3Y alloy [14] .
One of the drawbacks of Mg alloys, and in particular for the MgGd-Y based alloys, is the poor corrosion resistance due to the presence of precipitates that promote a micro-galvanic corrosion of the Mg matrix [15, 16] . To overcome such limitation, it is possible to elaborate a protective coating on the Mg-10Gd-3Y magnesium alloy using the innovative Plasma Electrolytic Oxidation (PEO) process (also known as the Micro-Arc Oxidation (MAO) process). Indeed, PEO is a surface engineering process suitable for lightweight metals (Al, Mg, Ti) and their alloys to form a protective ceramic coatings [17] [18] [19] [20] . As it uses diluted alkaline electrolytes, the PEO process complies with the present environmental and health regulations. Therefore, PEO is receiving a growing interest in various industrial domains (transport, energy, medicine) to replace conventional chromic or sulphuric acid anodizing processes. Based on an electrochemical conversion of the metal surface, the rapid growth of the oxide layer takes place at potentials above the dielectric breakdown voltage of the insulating layer, thus leading to the establishment of a sparking regime and the development of numerous short-lived micro-discharges over the processed surface [21] [22] [23] . Thanks to the high temperature reached within the plasma during the sparking regime combined with the rapid cooling rate imposed by the electrolyte, the resulting anodic coatings are dry crystalline ceramic layers with improved surface performances in terms of adhesion, hardness, wear protection, and corrosion resistance. These properties are known to depend on the different parameters of the PEO process, namely the electrical parameters [24] [25] [26] [27] [28] and the composition of the electrolyte [29] [30] [31] [32] [33] [34] . In the specific case of magnesium alloys, KOH-silicates (Na 2 SiO 3 ), KOH-fluorides (KF) or KOH-aluminates (NaAlO 2 ) based solutions are generally used as electrolytic baths. The coatings typically contain crystalline phases, such as MgO, Mg 2 SiO 4 , MgSiO 3 , MgAl 2 O 4 , Mg 3 (PO 4 ) 2 and Al 2 O 3 . It was clearly established that a thin inner coating exhibiting a higher degree of compactness, offers superior corrosion resistance than the outer porous sublayer [35] . Better performances are generally associated with coatings containing few pores or cracks and containing elements coming from the electrolyte (Si, Al, F) [36] [37] [38] .
If current studies mostly focus on optimizing the electrical parameters together with the electrolyte chemistry, the effect of the initial metallurgical state of the substrates on the resultant PEO coatings is much less investigated. From a general point of view, and as widely reported for several metallic materials [39] [40] [41] [42] , it is well known that the processing conditions (forging, casting, moulding, hot or cold rolling…) and the subsequent heat treatment conditions (annealing, precipitation strengthening, tempering, normalizing, quenching…) generate distinctive microstructural arrays inside the bulk material (precipitate, segregation, structural defects such as vacancies, dislocations, twin and grain boundaries…) that provide distinctive electrochemical behaviour. Magnesium alloys also exhibit a heterogeneous electrochemical behaviour due to the presence of intermetallic phases (also called second β-phases) in the α-Mg solid solution. These β-phases are formed by the reaction between Mg element and main alloying element during the forming process or during subsequent heat treatments. When a PEO treatment is then applied, few studies demonstrated that the presence of these β-phases cause inhomogeneous growth of the PEO oxide layers [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . For the widely used AZ91 magnesium alloy, Wang et al. [43] , Chen et al. [44] and Zhang et al. [45, 46] showed a selective growth of PEO coatings starting preferentially on α-Mg matrix and continuing on the Mg 17 Al 12 and the Mg 7 Zn 3 β-phases. By processing binary Mg\ \Al and Mg\ \Zn alloys, Khaselev et al. [47] and Gunduz et al. [31] demonstrated that addition of aluminium and zinc decreases the thickness of the PEO coatings and results in a coarse surface with bigger discharge channels. On the other hand, by adding yttrium as transition metal in a binary Mg\ \Zn alloy, Lee et al. [48] reported that PEO oxide coating tend to grow firstly on the top of the β-phase (Mg 3 Zn 6 Y 1 ), and then extend to α-Mg, which differs from observations on AZ91 alloy. In addition, although alloying with rareearth (RE) elements can increase the corrosion resistance of Mg alloys (usually called RE corrosion inhibitors), studies regarding the development of PEO coatings on RE containing alloys remains very few and contradictory. Indeed, by PEO processing a WE43 Mg alloy, Tekin et al. [49] found that the presence of Mg 14 Nd 2 Y 1 β-phase results in thicker and more compact overall coating with enhanced corrosion properties than coating formed on AZ31B alloy. In contrast, for the same WE43 Mg alloy, Liu et al. [50] observed larger size pores on β-phases than on the surrounding α-Mg matrix, especially in the first minutes after breakdown. To the best of our knowledge, only one paper deals with the growth of PEO coatings on Mg-Gd-Y magnesium alloys but it does not discuss on the effect of the β-phases (Mg 5 (GdY) and Mg 24 Y 5 precipitates) [51] .
Finally, if all previous studies agree on the fact that second β-phases induce inhomogeneous growth and defects in PEO coatings since their electrochemical behaviour inherently differs from the α-Mg matrix, reasons for this phenomenon are not supported unanimously. So far, there has been few discussion, if any at all, about the effect of the second β-phases on both the breakdown mechanism and on the microdischarges behaviour that are known to significantly altered morphology and properties of the produced PEO oxide layer. In the present study, the influence of the microstructure, particularly the presence/absence of β-phase modified by heat treatments (as-extruded, after solutionising, after precipitation peak-aging), on both the morphology of PEO coatings and on the mechanisms of the micro-discharges ignition has been systematically investigated using a Mg-Gd-Y rare-earth containing magnesium alloy. Then, they were heat-treated to get three different initial metallurgical states (see Table 1 ). The first metallurgical state was the as-extruded material. For the second one, the as-extruded material was given the so-called T4 heat treatment consisting of a solutionising at 500°C for 2 h in inert atmosphere before quenching. The third metallurgical state was the so-called "peak-aged" T6 heat treatment in which the previous solution treatment was followed by a precipitation treatment at 225°C for 14 h. It is also worth noting that for each initial metallurgical state, and in order to guarantee the highest reproducibility of the results, three specimens were produced and processed under the same PEO processing conditions, and characterise following the same procedure.
PEO process conditions
The experimental set-up ( Fig. 1) ) diluted in deionized water. The PEO processed sample was located between two titanium counterelectrode plates of size 200 mm × 200 mm × 1 mm. The gap between each counter-electrode and the processed sample was set at 55 mm. A cooling device allowed the electrolyte temperature to be kept in the range [15-25°C] . A power supply, working under current control mode, was used to supply the electrodes with a symmetrical pulsed bipolar current. For all the PEO processed samples, the current frequency and duty cycle were set at 100 Hz and 50% respectively. The anodic (respectively cathodic) current amplitude was kept at 7.5 A (respectively −7.5 A) which corresponds to an anodic current density of about 52 A·dm −2 (respectively −52 A·dm
−2
). The anodic (resp. cathodic) current density was defined as the ratio of the amplitude of the anodic (resp. cathodic) current pulse to the treated surface area (~0.145 dm 2 ). The durations of the PEO process were set at 25 s, 2 min, 6 min and 15 min (except for the peak-aged T6 sample that could not be PEO processed for 15 min).
PEO process monitoring
The applied current waveform was monitored using a 1 GHz bandwidth oscilloscope (Agilent 54832B) during the entire course of each PEO treatment. Simultaneously, the light emitted by the microdischarges (MDs) was detected with a Hamamatsu R928 photomultiplier whose output signal was amplified by a 300 MHz bandwidth current amplifier (Standford Research Systems SR445). The photomultiplier signal and the current waveform were simultaneously collected every two minutes.
Material characterisation
The grown oxide layers were observed by scanning electron microscopy (FEG-SEM Philips XL30S). Observations were carried out in the centre of the flat surface of the cylindrical samples. Top views and cross-section views of the oxide layers were examined in SE (secondary electrons) and BSE (back-scattered electrons imaging condition) modes, respectively. For the cross-sections observations, samples were cut, mounted in resin, polished with successive grades of SiC abrasive papers and finely polished with a 1 μm diamond paste. Prior to the SEM observations, the polished cross-sections were chemically etched with a reacting agent solution based on glycol ethylene, acetic acid and nitric acid diluted in distilled water. This etching procedure allowed revealing the micrometre size of precipitates, e.g. the Mg 5 (GdY) cuboidal and the Mg 24 Y 5 spheroidal precipitates. The phase composition of the layers was investigated by X-ray diffraction measurements (XRD) using a Bruker D8 ADVANCE (Cu-K α1 radiation λ = 0.1542 nm at 40 kV and 30 mA) instrument operated in the Bragg-Brentano geometry with a step size of 0.005°and a scan range from 10 to 100°. Additional hardness measurements were performed following the Vickers hardness test method and using a Struers Duramin micro-indenter. Specifically, the upper surface hardness of the PEO oxide coatings was assessed by indenting the surface with increasing loads (25, 50, 100, 200, 300, 500 and 1000 g) and the recorded hardness values were related to an equivalent penetration depth following a procedure depicted elsewhere [52, 53] . In this way, from top surface hardness measurement, it was possible to estimate, by extrapolation, the hardness of the thin oxide layer formed at the top surface of the PEO treated sample.
Results
Mg substrates before PEO
The resulting effects of the heat treatments conducted on the asextruded GW103K magnesium alloy were assessed by measuring the average grain size and the Vickers hardness ( Fig. 2 and Table 1 ). Vickers hardness measurements were performed with an indentation load of 500 g. A rather fine grain size (~15 μm) characterised the as-extruded state ( Fig. 2a ) that generated a moderate hardness (~86 HV) in the absence of a significant fine precipitation. Because of the unpinning of the grain boundaries, the solution treatment at 500°C has necessarily introduced a grain growth (Figs. 2c and 1e), which explains that the T4 and T6 samples were characterised by a fourfold increase of the grain size (55-65 μm) . This higher grain size for the T4 treatment has led to a decrease in hardness by slightly more than 20% (~86 HV for the as-extruded versus~67 HV for the T4 treatment). In comparison, as expected from the subsequent precipitation of the β' phase, an increase by about 70% of the hardness was recorded for the T6 condition (~67 HV for T4 versus~117 HV for T6). Additionally to the presence of the α-Mg substrate (JCPDS card No. 35-0821), the XRD patterns in Fig. 3a confirm that the solution and the precipitation mechanisms were effective during the T4 and the T6 heat treatments, respectively. Indeed, no peak belonging to the precipitate is visible for the T4 solution treated condition while Mg 24 Y 5 (JCPDS card No. 16-0854) and Mg 5 (GdY) (JCPDS card No. 21-6728) intermetallic precipitates were detected for the peak-aged T6 condition. As reported in the literature, the formation of these nanometre precipitates inside the α-Mg matrix are the main contributors to the hardening between the T4 and T6 conditions [10, 12] .
PEO coatings on Mg substrates
The X-ray diffraction (XRD) patterns of the PEO layers grown for 6 min on as-extruded, the T4 and T6 heat-treated samples are compared in Fig. 3b . For each metallurgical state, it is worth mentioning that three XRD measurements were conducted on the three samples PEOprocessed under the same processing conditions, and no significant difference was found between the collected XRD spectra. For all the processed samples, the XRD patterns show the presence of Mg peaks. They originate from the magnesium substrate lying under the oxide due to the X-ray penetration depth that exceeds the overall thickness of the PEO coatings. Indeed, and as it will be seen in Section 3.2, the oxide layers elaborated in the present study are thin (the dense inner sublayer is less than 10 μm) and highly porous which allow the X-ray to reach the magnesium substrate. In addition, and whatever the investigated sample, the XRD patterns also reveal the presence of two types of oxides. observed between the substrates, suggesting thereby quite the same phase proportions in each sample. Literature reports that Mg 2 SiO 4 is preferentially located through the outer sublayer of the oxide coating while MgO mainly forms the dense inner sublayer [54, 55] . The presence of Mg 2 SiO 4 forsterite is known to improve the corrosion resistance of PEO treated metals [56] . It is also worth noting in Fig. 3b that the intensity of the Mg peaks is clearly higher for the T6 peak-aged substrate than for the as-extruded and the T4 solution samples. This suggests that the oxide coating is either thinner or less compact for the T6 treated substrate. Fig. 4 shows cross-section SEM micrographs recorded at the centre of the flat surface of the cylindrical sample of the PEO oxide layers grown for 2 and 6 min on the three different investigated magnesium substrates (as-extruded, T4 and T6). As expected, and whatever the samples, the overall thickness of the PEO coatings increases with time. Moreover, the coatings rapidly exhibit two distinct sub-layers that are characteristic of PEO layers grown on magnesium alloy. The inner sublayer, adjacent to the magnesium substrate, is recognizable from its fine pores (down to 1 μm in diameter) homogeneously distributed throughout the layer. The outer sublayer consists of cracked plates and larger open pores (up to 10 μm in diameter). The coating grown on the T4 substrate becomes rapidly the thickest one. This is particularly obvious after 6 min of process (Fig. 4d) . Fig. 5 depicts the evolutions of the thickness of the overall layer (Fig. 5a ) and the inner dense sub-layer ( Fig. 5b) with the processing time. For each metallurgical state, the thickness measurements plotted in Fig. 5 were determined as the average value of 10 measures taken on cross-section at 5 different positions (every 100 μm) and also taken on the three samples PEO processed under the same processing conditions. Error bars correspond to the standard deviation. No significant difference is noticeable between the different samples in the very early stages of the growth process. However, after 2 min of processing, the thickness of the overall oxide layer becomes thicker for the T4 treated sample than for the two other types of substrates. After 6 min of processing, the thickness of the overall layer and the dense inner sub-layer reached 27 μm and 9 μm respectively for the T4 condition. Comparatively, these values do not exceed 20 μm and 3 μm for the as-extruded and T6 conditions, respectively. Ultimately, after 15 min of processing, the overall thickness of the PEO coating on T4 solution treated substrate (53 μm) was almost twice that of the as-extruded treated one (26 μm).
SEM micrographs in Fig. 6 compare the top-view aspects of the different PEO coatings shown in Fig. 4 . All surfaces exhibit the typical morphology of the PEO coatings consisting in "pancake"-like structures with open pores of about 1-10 μm in diameter. Each of these holes, responsible for the substantial amount of open porosity of the overall PEO coating, is usually associated with a discharge channel that takes place during the PEO process [57, 58] . Fig. 6 also evidences that, after 6 min, the solid solution T4 substrate results in larger size "pancakes" with larger open pores than the two substrates. Although the open pores (i.e. discharge channels) exhibit quite the same size for all the substrates, they are far less numerous for the solution T4 substrate. Both the density of the discharge channels (defined as the number of discharge channels detected per surface unit) and the area fraction of the discharge channels were quantitatively estimated using SEM image analysis. A minimum of 10 different top-surface views (300 μm × 300 μm) were considered for this estimation and the resulting error bars correspond to the standard deviation of the measurements. Fig. 7 shows the evolutions of the density of the discharge channels (Fig. 7a) and the associated area fraction (Fig. 7b) of the produced PEO coatings with the processing time. For all substrates, the density of discharge channels decreases as the PEO process goes on. This decrease is however faster for the solid solution T4 substrate than for the peak-aged T6 and the as-extruded substrates. After 6 min of processing, the density of discharge channels is less than 1 × 10 3 mm −2 for the T4 condition while it is still about 3 × 10 3 mm −2 for the T6 condition (Fig. 7a) . In addition, the fraction area of the discharge channels for the T6 condition is always more than twice that for the T4 condition one. After 6 min of processing, this fraction area reaches about 3% and 8% for the substrates prepared under the T4 and T6 conditions, respectively (Fig. 7b) . Micro-hardness results carried out on the PEO oxide layers grown for 6 min are given in Fig. 8 . The evolutions of hardness with the load follow the same trend for the three different substrates. However interesting differences, with opposite trends, are revealed for the highest loads (for which the influence of the substrate becomes predominant) compared to the lowest applied load of 25 g (where the influence of the coating dominates). Consistently with the hardness values of the different substrates given in Fig. 2 and in Table 1 , the hardness obtained at high loads (500 and 1000 g) confirm that the solution treated T4 Fig. 4 . SEM micrographs of the cross-sections of the PEO oxide layers produced on the as-extruded substrate for (a) 2 min and (b) 6 min, on the solution (T4) substrate for (c) 2 min and (d) 6 min and on the peak-aged (T6) substrate for (e) 2 min and (f) 6 min. Fig. 5 . Time evolution of the thickness of (a) the overall oxide layer and (b) the inner sub-layer of the PEO coatings produced on the as-extruded, solution T4 and peak-aged T6 substrates.
substrate is softer than the as-extruded and T6 samples. Indeed, as mentioned in section 3.1, these differences result from the heat treatments performed on the as-extruded magnesium substrate. On the one hand, in the absence of a significant fine precipitation, solutionising under T4 condition introduced a grain growth compared to the as-extruded condition resulting in a slight decrease in hardness (~86 HV for the asextruded versus~67 HV for the T4 treatment). On the other hand, for an equivalent grain size, peak aging under T6 condition generated precipitation of intermetallic phases compared to the T4 condition leading to a high increase in hardness (~67 HV for T4 versus~117 HV for T6). However, for the small penetration depth (in the range of~1 μm) obtained with the lowest indentation load of 25 g, Fig. 8 reveals opposite PEO oxide layer hardness trends, which depend on the initial metallurgical state of the substrate. Indeed, the hardness value evaluated from the lowest indentation load of 25 g reaches about 641 HV (at 1.21 μm penetration depth) for the softer solution treated T4 substrate; a value that is quite higher than the 572 HV (at 1.28 μm penetration depth) and 541 HV (at 1.32 μm penetration depth) obtained for the asextruded and the peak-aged T6 conditions, respectively. Thus, these results interestingly show that the softest solid solution T4 treated substrate generates, after PEO, the hardest coating.
Voltage-time response and light emission during PEO
The voltage-time responses recorded during PEO process are given in Fig. 9 . For each initial metallurgical state, three voltage-time responses were recorded, which showed a good reproducibility of the PEO processing. For all Mg substrates, the voltage variations with the Fig. 6 . SEM micrographs and the corresponding binary images (using ImageJ® software) of the top-surface of the PEO oxide layers produced on the as-extruded substrate for (a) 2 min and (b) 6 min, on the solution T4 substrate for (c) 2 min and (d) 6 min, and on the peak-aged T6 substrate for (e) 2 min and (f) 6 min. Fig. 7 . Time evolution of (a) the density (number per surface unit) of the discharge channels and (b) the fraction area of the discharge channels through the PEO coatings grown on the asextruded, the solution T4 and the peak-aged T6 substrates. processing time are usually described following three stages according to the increase rate of voltage. During the first 2 s (stage I in Fig. 9 ), the voltage increases rapidly and linearly with time at a high rate (~200 V/s). During this first stage, the partial dissolution of the substrate is accompanied by the formation of a thin passive insulating film on the surface and intensive oxygen evolution. When the voltage reaches the dielectric breakdown threshold of the growing insulating film (~170 V), the PEO process enters into stage II. During this second stage, the voltage increase rate gets lower (~10 V/s) and numerous small-sized sparks spread over the entire processed surface. Within this sparking regime, the initial insulating film is gradually transformed into the typical PEO coating as previously described in section 3.2. Interestingly, the voltage-time responses show some fluctuations (sudden drop and jump of the voltage) at the beginning of this second stage. Numerous and large fluctuations are observed for the peak-aged T6 substrate while they are quite inexistent for the solution T4 substrate. Finally, after exceeding the critical voltage (~500 V), the PEO process enters into stage III that is featured by a lowest increase rate of voltage (~0.1 V/s). During this ultimate stage, the PEO coating continues growing more or less rapidly depending on the Mg substrate. Indeed, it is noteworthy that during stages II and III, the solution T4 substrate always exhibits a higher voltage value than the peak-aged T6 substrate. Since the voltage variations are usually related to the coating thickness and compactness, this suggests that thicker and compact coatings are expected for the T4 substrate while slightly thinner and less compact coating are achieved for the T6 substrate. This is in good agreement with the SEM observations previously presented in section 3.2 that evidence a thicker dense inner sublayer for the T4 substrate than for the T6 substrate. Fig. 10 compares chronograms of the light emission and the applied current at 2 min and 6 min of the PEO process for the different investigated substrates. After 2 min processing, the different chronograms depict the same kind of general features. The light emitted from the different samples is detected not only during the anodic alternation of the current, as usually encountered in PEO of aluminium [26] , but also during the cathodic alternation (see Fig. 10a,c,e) . Regardless of the nature of the processed substrate, the emission of the anodic light covers the whole anodic half-period while the cathodic light appears only in intense and successive bursts (of about less than 100 μs in duration) at the beginning of the cathodic half-period (see Fig. 11 ). Light emission being directly associated to the presence of micro-discharges (MDs) over the processed surface, the chronograms in Fig. 10 suggest that MDs appear continuously and randomly under the anodic current while, comparatively, they occur suddenly in short duration sequences at the beginning of the cathodic alternation. Interestingly, after 6 min, the recorded chronograms show substantial differences in the light emission behaviour depending on the initial metallurgical state of the PEO processed substrate. Indeed, after 6 min, no light is detected during the cathodic half-period for the solution treated T4 substrate. This is also rather true for the as-extruded condition (Fig. 10b,d ). In contrast, the cathodic MDs are still present on the surface for the peak-aged T6 sample (Fig. 10f) . Additionally, Fig. 10 also shows that the level of the light intensity emitted during the anodic half-period changes with the processing time, the light becoming more intense at 6 min irrespective of the magnesium substrate. This indicates a stronger activity of the anodic MDs with the processing time as established by Martin et al. in the case of aluminium [23] . It is also worth noting that, after 6 min, the anodic light emission is much more intense for the T4 condition (see Fig. 10d ) than for the as-extruded and the T6 ones (see Fig. 10b and Fig. 10f, respectively) .
From several chronograms like those given in Fig. 10 , an average value of the emission light intensity was determined over each of the anodic and the cathodic current alternations. For the different substrates investigated, Fig. 12a and Fig. 12b compare the evolution of the average intensity of the anodic and cathodic emissions with the PEO processing time, respectively. Irrespective of the investigated substrate, Fig. 12a clearly confirms that the anodic emission intensity increases faster, from the beginning of processing for the T4 condition and remains still largely higher during processing than for the other conditions. Fig. 12b also confirms that the intensity of the cathodic emission decreases faster with the processing time for the T4 condition than for the other ones. Ultimately, the extinction of the cathodic MDs occurs earlier for the T4 condition (after~5 min) than for the as-extruded condition (after~10 min). In other words, all these results reveal that the T4 solution treated magnesium promotes the occurrence of anodic MDs while inhibiting the occurrence of the cathodic ones. In contrast, a lower activity of anodic MDs and promotion of cathodic MDs are clearly visible for the T6 substrate containing a high density of precipitates.
Discussion
The overall results reported in section 3 clearly evidence two types of distinctive behaviour. Indeed, the substrate that contain precipitates (T6 conditions) results in a thin and porous PEO coating. On the other hand, the substrates in which the precipitates are dissolved (T4 condition and in a lesser extend the as-extruded condition) often exhibit opposite trends in terms of micro-discharges (MDs) and mechanisms of (25, 50 , 100, 200, 300, 500 and 1000 g) on the top surface of the PEO coatings produced on the as-extruded, the solution T4 and the peak-aged T6 substrates. Fig. 9 . Voltage-time responses of PEO process conducted for (6 min) on the as-extruded substrate, on the solution (T4) substrate and on the peak-aged (T6) substrate.
coating formation, leading to fastest kinetics, thicker, more compact and harder PEO oxide layers. Thus, the discussion hereafter mainly aims at explaining the differences obtained for the T4 and T6 treated substrates. The first section of this discussion will give a probable interpretation of the differences in the mechanism of coating formation depending on the nature of the substrate, whereas the second section will explain the consequences on the coating properties.
Effect of the substrate metallurgical state on the formation of PEO coatings
The formation mechanisms of the oxide layers produced by the PEO process can be discussed by considering the results on the behaviour of the MDs -that are known to strongly influence the growing oxide coatings -and by taking into account the appropriate literature works related to the PEO of lightweight alloys, and more specifically magnesium and aluminium alloys.
First of all, the unusual appearance of cathodic MDs has already been observed and investigated under specific conditions by Nominé et al. and Rakoch et al. who PEO processed an EV31 magnesium alloy in fluoride containing electrolyte [59, 60] . As for the present observations, these authors highlighted the collective intermittent behaviour of the cathodic MDs that switch on and off once the cathodic current starts. Although the processing conditions used in the present study are quite different from those applied in Nominé's work [59] , this specific intermittent behaviour of the cathodic MDs is also observed (see Fig. 11 ). More recently, using an alkaline-silicate electrolyte, which is closer in terms of chemistry than the electrolyte used in our experimental conditions, Nominé et al. detected not only the presence of these cathodic MDs but they also established their detrimental effect on the PEO layers building [61] . Indeed, the occurrence of cathodic MDs leads to a local spalling and to the formation of defects (mainly open porosities) through the coating while anodic MDs generate the formation of a more compact protective oxide coating. The present analysis confirms these pioneer results and demonstrates, in addition, that the occurrence and intensity of these anodic and cathodic MDs depend on the exact nature of the alloy substrate. In particular, the difference in behaviour is obviously clear between the substrate presenting a solid solution (T4) and those containing precipitates (in particular T6). In the case of the solution-treated substrate (T4), the main alloying elements Gd and Y are dissolved in the Mg matrix and are more likely to form -in contact with the alkaline electrolyte -fine oxide-like phases such as Gd 2 O 3 and Y 2 O 3 at the metal surface in addition to the MgO oxide. Tekin et al. also suggested the formation of RE-based oxide phases (typ. Nd 2 O 3 , Gd 2 O 3 ) through PEO coating on EV21 and WE43 Mg alloys, even if none of these phases were detected from XRD measurements [49] . Nevertheless, although G d2 O 3 and Y 2 O 3 were also not detected from the present XRD results (see Fig. 3 ), certainly due to their lower volume fraction as compared with MgO and Mg 2 SiO 4 , they are thermodynamically and electrochemically expected to form [62] [63] [64] [65] [66] [67] . Indeed, Gd and Y exhibit a high reactivity with oxygen due to their 3 oxidation state. They have larger negative Gibbs free energy of formation than other oxides (at 25°C and 1 bar, ΔG°f,Gd 2 0 3 = −1732 kJ/mol, ΔG°f,Y 2 0 3 = −1816 kJ/mol whereas ΔG°f,MgO = −569 kJ/mol) [62, 63] . For example, it is also for these reasons that Gd is added in the chemical composition of specific stainless steels during casting at about 1500°C since it forms preferentially gadolinium oxide (and also gadolinium sulfide) instead of undesirable non-metallic inclusions such as manganese sulphide (MnS) and chromium oxide (Cr 2 O 3 ) [63] . In addition, from an electrochemical point of view, Pourbaix E-pH diagrams of Gd and Y show that the oxidation of gadolinium and yttrium by water is possible at all pH values. This means that Gd and Y elements in solid solution through the α-Mg matrix and in contact with aqueous media spontaneously formed Gd 2 O 3 and Y 2 O 3 oxides [64, 65] . Several years ago, Gruss et al. experimentally evidenced the formation of a rare-earth based oxide coatings [66, 67] by anodizing rare-earth metals (Sm, Gd, Dy, Ho, Er, Yb) and transition metal (Y) under sparking regime in silicate solutions using conditions very close to those of the present work. Conversely, in the case of the peak-aged substrate (T6), Gd and Y are retained and stabilized within the Mg 24 Y 5 and Mg 5 (GdY) intermetallic precipitates and are therefore not available to form different oxides at the metal substrate surface. The effect of such differences in substrate nature and the combined effects of the electrode voltage and the isoelectric point (IEP) on the behaviour during the PEO process are conceptualized by the descriptive sketch in Fig. 13 .
Without any electrical biasing of the substrate, the sign of the surface charge is determined by the pH of the electrolyte with respect to the isoelectric point (IEP) of the solid oxides formed at the topmost surface. The IEP, also called the point of zero charge, represents the pH at Fig. 12 . Time variation of the average intensity of (a) the light emitted over one anodic half-period and (b) the light emitted over one cathodic half-period for the as-extruded substrate (green lines), for the solution T4 (red lines) and for the peak-aged T6 substrate (blue lines). which the surface charge equals zero [68] [69] [70] [71] [72] . From a general point of view, oxide coatings immersed in aqueous media get hydrated at their topmost surface and amphoteric groups form at their surface. These groups can catch or release a proton depending on the difference between the IEP of the considered oxide and the pH of the solution (further details can be found in Ref. [70, 71] ). If the pH of the electrolyte is higher (respectively lower) than the IEP of the oxide, then the surface charges negatively (respectively positively). If the pH is exactly equal to the IEP of the oxide, the overall resulting surface charge remains equal to zero.
The IEP value strongly depends on the nature of the oxides present on the topmost surface of the substrate. Determined by classical electro-kinetic method, the IEP of MgO is about 12.3 (i.e. close to the pH of the electrolyte used in this study, pH = 12.6) while for Gd 2 O 3 and Y 2 O 3 , the IEP is about 10.9 and 8.7, respectively [68, 69] . Consequently, without any bias applied to the substrate, the nature of the surface charges is different for the solution T4 compared to the peak-aged T6 substrates. Indeed, in contact with air or with the basic electrolyte used, the dissolved Gd and Y elements in the T4 substrate are available to locally form fine (Fig. 13a) while only MgO oxides can form on the T6 substrate (Fig. 13b) . The resulting average IEP of the solution-treated T4 substrate remains probably lower than that of the peak-aged T6 substrate. The pH of the electrolyte used in this study being of 12.6, negative charges are thus expected to form at the surface of the solution T4 substrate (Fig. 13c) . In contrast, the surface charge should be close to zero for the peakaged T6 substrate (Fig. 13d) . Consequently, due to electrostatic counter-effects, the counter-ions from the electrolyte are localized in the vicinity of the oxide/electrolyte interface, through the electrical double layer (EDL). The counter-cations must face the negative charged surface of the solution T4 substrate leading to a thick EDL (Fig. 13c) . On the contrary, very few counter-cations and counter-anions are specifically localized close to neutral charged surface of the peak-aged T6 substrate resulting in a very thin or quite inexistent EDL (Fig. 13d) . These two different initial situations will generate distinctive behaviour for the PEO process when the metallic substrate is further either positively or negatively biased. Indeed, the presence of a thick EDL can locally shield the external applied electric field that is necessary for anodic and/or cathodic breakdown (e.g. breakdown could be delayed, less intense or never occur). In contrast, with a thin EDL that does not sufficiently shield the external applied electric field, breakdown occurs more favourably.
When the substrate is positively biased (i.e. during the anodic halfperiod of the current), negative ions move towards the oxide surface tending to accumulate at the oxide / electrolyte interface. In the case of the solution T4 substrate, negative ions replace the counter-cations that face the negatively charged surface but some of them are also repelled due to electrostatic forces (Fig. 13e) . This effect of charge exchange tends to mitigate the accumulation of excessive negative charges through the EDL. It results in a decrease in the EDL thickness that may become, at some locations over the surface, insufficient to shield the externally applied electric field and ignition of anodic MDs can occur (Fig. 13e) . However, because the accumulation of negative charges remains limited at the surface of the solution T4 substrate, it would be reasonable to expect MDs to follow a smooth behaviour (small size and short life-time) which is known to have a beneficial effect on the growing oxide coating. This is in good agreement with experimental results on the growing oxide coating since they evidenced that the PEO coating on the T4 solution-treated substrate is thicker, more compact and covers more homogeneously the metal than that of the T6 peak-aged treated one (see Figs. 4 and 5) . For the latter, the peakaged T6 substrate that carried a neutral charge at its surface without bias, negative charges move easily through the very thin or quite inexistent EDL and rapidly reach the oxide surface. Therefore, and oppositely to the solution T4 substrate, the accumulation of negative charge at the oxide surface is high and results in a strong reinforcement of the potential difference on both sides of the oxide layer. Thus, the value of the local electric field rapidly reaches and exceeds the breakdown field of the oxide layer. This promotes the appearance of intense anodic MDs (large size and long-life MDs) that are also known, like the cathodic MDs, to have a detrimental effect on the morphology of the growing oxide coating (e.g. high porosity) [23, 26] (see Figs. 4 and 5) .
When the metal is negatively biased (i.e. during the cathodic halfperiod of the bipolar current), it is the turn of the positive ions from the electrolyte to be directed towards the oxide surface tending to accumulate at the oxide/electrolyte interface. In the case of the solution T4 substrate, these moving positive ions are repelled from the thick EDL due to electrostatic forces, especially by the counter-cations that face the negatively charged surface of the oxide layer (Fig. 13g) . Thus, the EDL remains thick and the local electric field through this EDL shields the external applied electric field, preventing thereby the cathodic breakdown and the ignition of detrimental cathodic MDs. In contrast, in the case of the peak-aged T6 substrate, because the oxide surface carries a neutral charge without bias, positive ions move easily through the very thin or quite inexistent EDL and rapidly accumulate at the oxide layer surface. Consequently, this surface becomes rapidly charged with an excess of positive charges. The potential difference on both sides of the oxide layer gets high, reinforcing the external applied electric field, and promotes the appearance of the cathodic MDs that are known to have detrimental effects on the PEO oxide coatings (Fig. 13h) . This is evidenced experimentally by the presence of numerous and large open pores through the PEO oxide coatings elaborated on the peak-aged T6 substrate (see Fig. 7) .
Finally, the influence of the presence of precipitates on the mechanisms of the oxide layer formation has also been undoubtedly evidenced in samples where segregated and unsegregated precipitates bands can be observed within the same substrate (illustrated in Fig. 14) . Indeed, Fig. 14 shows the SEM cross-section of the PEO oxide layer produced on the peak-aged T6 substrate with a higher magnification than SEM micrographs presented in Fig. 4 . It shows a specific area, that was sometimes observed for some substrate, where the presence of local segregated bands of micrometre size precipitates (i.e. the Mg 5 (GdY) cuboidal and the Mg 24 Y 5 spheroidal precipitates) aligned along the extrusion direction, has generated strong heterogeneities in the local coating aspect. contrast, bands depleted in precipitates are facing a thicker and a more compact coating. This heterogeneity in the PEO coating morphology can be discussed based on the same schematic model provided in Fig. 13 . As discussed above, this local heterogeneity of treatment can be explained by taking into account the possible combined effects of both the electrode biasing, the electrolyte pH and the resulting IEP of the oxide surface (with or without the presence of precipitates) on the PEO oxide layer morphology. In precipitate-free areas, the alloying elements Y and Gd are still available to form fine Y 2 O 3 and Gd 2 O 3 -like oxides resulting in an average IEP lower than the electrolyte pH. As a consequence, the oxide surface exhibits a thick EDL that shields partly the external applied electric field and promotes the ignition of beneficial smoother anodic MDs while preventing the occurrence of detrimental cathodic MDs (see Fig. 13a,c,e,g ). Thus, locally on the precipitate-free areas, the resulting PEO coating is thick and more compact (Fig. 14) . Oppositely, locally in areas rich in precipitates, alloying elements Y and Gd are no longer available to form fine Y 2 O 3 and Gd 2 O 3 -like oxides resulting in an IEP close to the electrolyte pH. Under this condition, the EDL thickness at the oxide / electrolyte interface remains very thin or inexistent and does not sufficiently shield the external applied electric field, which promotes the ignition of detrimental strong anodic and cathodic MDs (see Fig. 13 b,d,f,h ). Thus, locally on the areas rich in precipitates, large open pores are visible that can be associated to the presence of strong MDs (see Fig. 14) .
Effect of the substrate metallurgical state on the PEO coating properties
As revealed by XRD, all coatings were composed of both the MgO crystallized magnesium oxide and the crystallized Mg 2 SiO 4 orthosilicate forsterite. It is well established that Mg 2 SiO 4 is preferentially located through the outer sublayer of the oxide coating while MgO mainly forms the dense inner sublayer [54, 55] . However, significant variation in the coating thickness and hardness were obtained depending on the exact metallurgical state of the substrate (Fig. 5) . After 2 min processing, the thickness of the overall oxide layer was already thicker for the solution-treated T4 sample than for the two other types of substrates. Ultimately, after 15 min processing, the overall thickness of the PEO coating on T4 solution-treated substrate (53 μm) was almost twice that of the as-extruded treated one (26 μm). The solid solution T4 substrate is also characterised by a lower open porosity level than the other substrates ( Fig. 6 and Fig. 7 ). This can be understood by considering that a solution-treated substrate promotes the occurrence of smooth anodic MDs (small size and short lifetime) that are known to have a positive effect of the coating built-up process while preventing the ignition of cathodic MDs. In contrast, for the peak-aged T6 substrate, the presence of precipitates promotes the appearance of both strong anodic MDs (large size and long-life) and cathodic MDs that are known to have detrimental effects on the PEO oxide coatings. As these cathodic discharges are known to generate porosities [61] , the porosity is higher for the precipitate containing T6 substrate than for the solution T4 substrate.
Another interesting observation of this work is that, while the solution-treated T4 substrate is the softest one, the hardness of the PEO oxide layer build on this T4 substrate (641 HV) is about 100 HV higher than the one built on the hardened T6 substrate (541 HV). There are several possible reasons for this. In addition to the presence of less numerous porosities for the solid solution-treated T4 substrate, the presence of a thicker dense inner sublayer (~8 μm in thickness) for this substrate compared to the one obtained for the precipitate T6 substrate (~3 μm in thickness) also likely plays a role. In addition, it should be clarified in a future study if the presence of a solid solution containing Gd and Y elements to build up the coating can either generate hardersolution strengthened -oxides or promote the presence of fine amounts of Gd 2 O 3 and/or Y 2 O 3 oxides (that could not be detected by XRD).
Finally, the present work also brings some new insight into the processing of Mg alloy parts. To get hard -precipitate strengthened -Mg alloys covered by a hard and thick PEO layer, it seems important to perform the PEO process on a solution-treated T4 alloy and apply the precipitation hardening T6 treatment afterwards.
Conclusions
The effect of the metallurgical state of a magnesium substratemainly the absence and the presence of intermetallic precipitates -on the efficiency of the PEO process was investigated. To this end, the PEO process has been applied on a Gd, Y rare-earth containing magnesium alloy GW103K for three metallurgical states: as-extruded, solutionising under T4 condition and peak-aged under T6 condition (full β' precipitation). PEO was carried out in an alkaline silicate electrolyte by applying a symmetrical pulsed bipolar current.
• The presence of precipitates in the peak-aged T6 substrate promotes the ignition of detrimental cathodic micro-discharges during the cathodic alternation of the pulsed bipolar current. In contrast, the absence of precipitates in the solid solution T4 substrate inhibits their appearance while promoting the development of the beneficial anodic micro-discharges. As a result, the PEO oxide coating produced on the solid solution T4 treated substrate was thicker, more compact and 100 HV harder than the one grown on the peak-aged T6 substrate.
• Considering the relationship between the electrolyte pH, the isoelectric point (IEP) of the formed oxides and the initial metallurgical state of the magnesium substrate, a mechanism is proposed to explain the experimental results. For the solid solution T4 substrate, alloying elements (mainly Gd and Y) are available to locally form fine oxides (Gd 2 O 3 IEP = 10.9 and Y 2 O 3 IEP = 8.7 in addition to MgO oxide IEP = 12.3) that shift the resulting average IEP to a value lower than that of the electrolyte pH (12.6) . This allows building a thick electrical double layer at the oxide/electrolyte interface that prevents the ignition of detrimental cathodic micro-discharges. In contrast, for the peak-aged T6 substrate, the alloying elements that remain stabilized into intermetallic precipitates lead to a thin electrical double layer that is not sufficient to prevent from the formation of the detrimental cathodic micro-discharges.
• The successful development of protective PEO coatings requires the right management of the PEO process parameters (mainly the careful control of the electrolyte properties (e.g. pH) and the applied electrical conditions together with a particular attention to the prior substrate metallurgical heat treatment.
